ABSTRACT We conducted an experiment to evaluate the potential for dietary 1,4-diaminobutane (putrescine) to promote eggshell quality and overall laying hen performance. A total of 128, 60-wk-old Barred Rock hens were fed a corn and soybean meal-based layer diet supplemented with 0.0 (control), 0.2, 0.4, and 0.6% free base 1,4-diaminobutane for 4 wk. The feeding of supplemental putrescine decreased feed consumption (P ≤ 0.05) and egg mass (P ≤ 0.05) and tended to decrease egg production (P < 0.08). Albumen quality was not significantly affected (P < 0.09) by the end of the experiment, as determined by Haugh units. Eggshell thickness was not significantly improved with lower levels of dietary putrescine (P < 0.08). Although dietary putrescine did not have any effect
INTRODUCTION
A decrease in eggshell quality associated with hen aging has been reported, which can result in economic losses in egg production. Younger laying hens have a greater adaptive response to calcium restriction than older laying hens (Elaroussi et al., 1994) . In laying birds, increased calcium demands during the laying cycle are accommodated by an appropriate increase in intestinal calcium absorption (Bar et al., 1978) and a decrease in renal calcium excretion (DeLuca et al., 1990) . The decline in eggshell quality as the hens age may be attributed, in part, to reduced intestinal calcium uptake as well as to increased egg size (Al-Batshan et al., 1994) .
The mammalian polyamines (putrescine, spermidine, and spermine) may regulate cytosolic calcium homeostasis in several cell types (Gunter et al., 1994; Ventura et al., 1994) . Spermidine and spermine, metabolites of putrescine, were found to play an important role in the regulation of calcium transport in mitochondria isolated from rat liver (Nicchitta and Williamson, 1984) To whom correspondence should be addressed: tsmith@ uoguelph.ca.
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on the relative weights of duodenum, jejunum + ileum, or pancreas, there was a linear increase in putrescine concentrations in tissues (P ≤ 0.05). Supplementation of dietary putrescine also resulted in increased putrescine and spermidine concentrations in egg (P ≤ 0.05). Egg weight and eggshell deformation increased over time; however, eggshell weight, eggshell weight as percentage of egg weight, and eggshell thickness decreased (P ≤ 0.05). It appeared that eggshell quality declined regardless of diet over the 4-wk experimental period. It was concluded that the lack of effect of dietary putrescine on egg parameters, with the exception of albumen quality and eggshell thickness, was due to putrescine toxicity. Hens transferred excess dietary putrescine and metabolites to eggs. (Jensen et al., 1987) . Iqbal and Koenig (1985) suggested that polyamines served as intracellular messengers, which caused an increase in cytoplasmic calcium concentration. Extracellular divalent cations such as Ca 2+ and Mg
2+
, however, are essential for putrescine and spermidine transport, apparently through tight binding to exofacial sites on the carrier or plasma membrane (Brachet et al., 1995; Poulin et al., 1995) . Polyamines also interact with negatively charged structures of cells or neutralize membranes. Their biochemical functions can be replaced by metal ions, such as Ca 2+ and Mg 2+ (Schuber, 1989) . Polyamines are versatile polycations, fully protonated at physiological pH. In contrast to metal ions, which have localized charges, polyamines can form bridges between distant negative charges because their positive charges are distributed along a hydrocarbon chain. As a result, polyamines can uniquely fulfill specific functions in cells (Tabor and Tabor, 1984; Pegg, 1986) .
Putrescine has been shown to enhance duodenal calcium transport as well as to elongate duodenal villi (Shinki et al., 1991) . It has also been shown that putrescine is involved in the mode of action of vitamin D in maintaining the morphological and functional development of the chick intestinal villus mucosa (Shinki et al., 1991) . Wang et al. (1995) reported that under normal conditions, polyamines might be important luminal stimulants of gastrointestinal mucosal cell growth. It has been estab- lished that the mammalian polyamines are essential for cell growth and differentiation (Tabor and Tabor, 1984; Pegg, 1986; Smith, 1990; Anonymous, 1992; Bardocz et al., 1995) . The current study was conducted, therefore, to determine whether there would be any beneficial effect of feeding layers diets supplemented with putrescine on egg quality and production as well as intestinal tissue development.
MATERIALS AND METHODS

Experimental Birds and Diets
We used a total of 128, 60-wk-old Barred Rock hens in the current study. Birds were housed individually in cages in an environmentally controlled room maintained at 21 C and were provided with 14 h of light daily. All the birds were fed corn and soybean meal-based mash diets that were formulated to meet or exceed the nutrient requirements of laying hens (NRC, 1994) .
All diets were isoenergetic and isonitrogenous. Diets were supplemented with 0.0 (control), 0.2, 0.4, or 0.6% putrescine (reagent-grade free base).
2 Putrescine was added to diets at the expense of corn. The composition of the experimental diets is shown in Table 1 . Feed and water were provided ad libitum. Diets were stored at 5 C before feeding to reduce the chance of putrescine decomposition during storage. Representative feed samples were taken at the beginning of the experiment and at weekly intervals throughout the experimental period. 
Experimental Parameters Measured
Feed Consumption. Birds were randomly assigned to each diet. Each group of four birds in adjacent cages with a common feeder was considered an experimental unit. Each dietary treatment was fed to eight replicates (32 hens per diet). Weekly feed consumption was recorded during the 4-wk experimental period.
Egg Parameters. Daily egg production was recorded throughout the experimental period. All the eggs produced during two consecutive days in a weekly period were collected and egg weight, shell deformation, albumen height, yolk weight, shell thickness, and shell weight were determined. Shell deformation was a mean value of two measurements on the equator of the egg using a shell-deformation-measuring instrument (Summers et al., 1976) . Eggs were broken to determine albumen height and yolk weight. Yolk weight was determined after rolling the yolk on surgical gauze to remove adhering albumen.
Shells with membranes were rinsed with warm water, and then three small pieces were taken without membrane from three locations on the egg (air cell, equator, and sharp end) to measure the shell thickness using a shell thickness measure gauge (Ames 25M-5). 3 The whole shell was then dried at 60 C overnight and cooled, and weight was recorded. Percentage shell was calculated by dividing dry shell weight by egg weight and multiplying by 100. Haugh units were calculated using the HU formula (Eisen et al., 1962) based on the height of albumen as determined using a micrometer (AMES S-6428).
3 All the eggs laid at the last day of the experiment were also saved, homogenized, lyophilized, ground to a fine pow-der using a micro-mill grinder (model 08-335), 4 and stored at −80 C prior to analysis for polyamines.
Whole Body and Tissue Parameters. Body weights were measured at the beginning and at the end of the experiment. At the termination of the experiment, following weighing, 12 birds per treatment were killed by instantaneous cervical dislocation and duodenum, jejunum + ileum, and pancreas tissues were excised, rinsed with physiological saline solution, blotted dry, and weighed. After being weighed, intestinal tissues were frozen in liquid nitrogen and stored at −80 C before analysis for polyamines.
Polyamine Analyses
Samples of duodenum, jejunum + ileum, pancreas, homogenized eggs, and diets were analyzed for concentrations of polyamines by HPLC with fluorescence detection (Salazar et al., 2000) .
Statistical Analyses
Data were analyzed by analysis of variance using the general linear models procedure of SAS software for a completely randomized design (Kuehl, 1994; SAS Institute, 1988) . Orthogonal polynomial contrasts were used to determine the nature of the response to diets and over time (Kuehl, 1994) . Statements of statistical significance were based on P ≤ 0.05.
RESULTS
Dietary Putrescine Concentrations
All the diet samples collected over the experimental period were analyzed for putrescine concentration, and we observed that the concentrations were consistent with the dietary supplementation. It also appeared that there were some losses of putrescine that might have been due to the degradation of putrescine in the mixing and storage process.
Feed Consumption
Feed consumption declined linearly with increasing dietary putrescine (P < 0.05) except in the third week (Table 2) . Feed efficiency, however, was not affected by diet. Feed consumption and feed efficiency showed quadratic effects over time (P < 0.05).
Egg Parameters
Data were analyzed from the first 2 d of eggs collected from birds fed the allocated diets (before providing the experimental diets, Week 0) for egg production, egg weight, egg mass, albumen height, Haugh units, yolk 4 Fisher Scientific, Nepean, Ontario K2E 7L6, Canada.
weight, eggshell deformation, eggshell thickness, eggshell weight, and eggshell weight as a percentage of egg weight; there were no significant (P > 0.05) differences among the allocated diets (data not shown). Egg production responded quadratically over time (P < 0.05). Although, there were no significant differences among diets in egg weight, egg mass declined linearly in Week 3 and in cumulative Week 4 due to a decreasing trend in egg production (P < 0.05). Egg weights and egg mass increased linearly over time (P < 0.05). There were no significant differences among diets in albumen height, and yolk weight (Table 3) . There was an increasing, but not significant, trend, however, in Haugh units in Week 4 (P < 0.09). Albumen height, Haugh units, and yolk weight responded quadratically over time (P < 0.05).
Dietary putrescine did not have any significant effect on eggshell deformation, eggshell weight, and eggshell weight as percentage of egg weight (Table 4) . Eggshell deformation increased linearly over time; however, eggshell thickness, eggshell weight, and eggshell weight as percentage of egg weight decreased linearly over time (P < 0.05). Egg putrescine and spermidine concentrations increased linearly with dietary putrescine supplementation (P < 0.05), whereas spermine concentrations were not affected by diet (Table 5) .
Whole Body Weight and Tissue Parameters
Whole body weight gain was not affected by diet (data not shown). Putrescine supplementation did not have a significant effect on the enlargement of duodenum, jejunum + ileum, or pancreas (data not shown). The duodenum was the tissue in which putrescine concentrations increased linearly (P < 0.05); however, spermidine and spermine concentrations decreased linearly, whereas histamine concentrations were not affected by diet (Table  6 ). Putrescine concentrations also increased in linear fashion in jejunum + ileum (P < 0.05); however, putrescine supplementation did not show any significant effect on histamine, spermidine, or spermine concentrations. The feeding of putrescine linearly increased pancreatic concentrations of putrescine (P < 0.05), whereas histamine and spermidine concentrations responded quadratically (P < 0.05), and spermine concentrations were not affected by diet.
DISCUSSION
The observed dietary putrescine concentrations indicated some degradation of the free-base putrescine that was supplemented. The rate of degradation appeared to be consistent, however, across treatments. The reduction of feed consumption and egg mass in supplemented groups compared with the control group may be due to the toxic effect of higher levels of putrescine. These results are in agreement with results of Smith (1990) , who showed that chicks fed 0.2% putrescine have improved growth, but higher levels resulted in toxicity. In the cur- Egg mass = (egg production × egg weight)/100. rent study, it appeared that even 0.2% supplemental putrescine was toxic to layers. The observation that dietary putrescine increased albumen quality quadratically over time is possibly due to increased intestinal absorption resulting from the nonspe- cific anabolic effects of putrescine. It has been reported that putrescine improves intestinal absorption by elongating villi (Shinki et al., 1991) . The quadratic effect of putrescine on eggshell thickness may be due to the toxic effect of putrescine at higher concentrations. The analyzed dietary calcium levels in the current study were much higher than the NRC (1994) recommendations. Nicchitta and Williamson (1984) and Jensen et al. (1987) concluded that spermine (350 µM) increased the rate of calcium uptake by rat mitochondria at all calcium concentrations below 4.5 µM, but at higher calcium concentrations, it was inhibitory. The improvement in egg weight and the subsequent reduction in eggshell weight and eggshell weight as a percentage of egg weight resulted in the reduction of eggshell thickness and increased eggshell deformation over time. Al-Batshan et al. (1994) reported that eggshell weight increases, but eggshell weight as percentage of egg weight and eggshell thickness decreases during the first production cycle (22 to 57 wk). The authors also reported that eggshell weight as a percent of egg weight and eggshell thickness are affected by strain and age. Hens used in the current study were 60-wk-old Barred Rocks. The decline in eggshell quality as the hens age may be attributed, in part, to reduced intestinal calcium uptake as well as to increased egg size (Al-Batshan et al., 1994) .
There was a linear increase in the accumulation of putrescine in duodenum, jejunum + ileum, and pancreas with increasing dietary putrescine. This result is in agreement with the report of Smith (1990) . The decreasing concentrations of spermidine and spermine in the duodenum may be due to an elevated tissue concentration of putrescine, stimulating synthesis of spermidine and spermine, which could lead to excretion of spermidine and spermine through acetylation (Seiler, 1992) . The energetic costs of polyamine excretion perhaps contribute to overall toxicity. The quadratic effect in pancreatic concentrations of spermidine may also reflect toxicity at higher levels of dietary putrescine supplementation. The effects of dietary putrescine on tissue polyamine concentrations have been reported to be variable . The high pancreatic putrescine concentrations likely promoted excretion of spermidine. The lack of effect of dietary putrescine supplementation on enlargement of organs may be due to breed and age of the birds, which were 60-wk-old Barred Rocks. Smith et al. (1996) reported that in case of Leghorn cockerel chicks, the feeding of 0.6% spermidine resulted in duodenal and pancreatic enlargement after 4 d of feeding but not after 8 d. Excess dietary putrescine was transferred into eggs in the current experiment. Spermidine concentrations in eggs paralleled the effect of dietary putrescine on pancreatic spermidine concentrations. Polyamine-enriched eggs may serve as a functional food, considering the anabolic potential of polyamines (Tabor and Tabor, 1984; Pegg, 1986; Smith, 1990; Anonymous, 1992; Bardocz et al., 1995) .
It appeared that eggshell quality declined regardless of diet over the 4-wk experimental period. It was concluded that the lack of effect of diet on egg parameters, with the exception of Haugh units, was due to putrescine toxicity. It was observed that putrescine did not have an effect on eggshell quality with the exception of shell thickness when dietary calcium levels were far more than optimal. A lower level of dietary putrescine might have some effects on eggshell quality when the dietary calcium concentration is marginal. It was also concluded that Barred Rock layers were more susceptible to putrescine toxicity than Leghorn chicks. The feeding of putrescine to layers results in increased putrescine concentration in tissues as well as in eggs. It is speculated that polyamine enrichment of eggs may subsequently affect hatchability and chick viability. The dietary levels of putrescine must be chosen with care, however, to avoid potential putrescine toxicity. 
